The variant curation guidelines published in 2015 by the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) provided the genetics community with a framework to assess variant pathogenicity; however, these rules are not gene specific. Germline pathogenic variants in the CDH1 gene cause hereditary diffuse gastric cancer and lobular breast cancer, a clinically challenging cancer predisposition syndrome that often requires a multidisciplinary team of experts to be properly managed. Given this challenge, the Clin- 
INTRODUCTION
Germline pathogenic variants in the CDH1 gene (NM_004360.3) cause a predisposition to hereditary diffuse gastric cancer (HDGC; MIM# 137215) and lobular breast cancer (LBC; MIM# 137215). The CDH1 gene is located on chromosome 16q22.1, contains 16 exons, and encodes E-cadherin, a trans-membrane adhesion protein that acts as a tumor suppressor by inhibiting cell invasion (Kourtidis, Lu, & Anastasiadis, 2017) . Penetrance estimates derived from pathogenic variant-positive HDGC families indicate that individuals heterozygous for a germline CDH1 truncating pathogenic variant present an estimated lifetime risk of 56%-70% of developing gastric cancer, and women also have an approximate 42% risk of developing LBC (Hansford et al., 2015) . However, it should be noted that these risk estimates could be somewhat inflated as they were based on severely affected families with gastric cancer, which could have introduced an ascertainment bias (Boland & Yurgelun, 2017) . CDH1 is considered a clinically actionable gene since pathogenic variants predispose to lethal cancers for which there are risk-reducing medical management recommendations expected to decrease mortality . However, due to the significant risks associated with these recommended medical interventions, which include prophylactic gastrectomy, it is imperative to detect and correctly classify variants in CDH1 .
The implementation of high-throughput next-generation sequencing (NGS) has resulted in a dramatic increase in the identification of germline variants by clinical diagnostic laboratories (LaDuca et al., 2014) . The increased availability of genetic testing has also been accompanied by new challenges in sequence interpretation (Plon et al., 2008) . In this context, the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) substantially updated the previous guidelines for the interpretation of germline sequence variants (Richards et al., 2015) . These recommendations describe the process for classifying variants into five categories-pathogenic (P), likely pathogenic (LP), variant of uncertain significance (VUS), likely benign (LB), and benign (B)-based on criteria using multiple types of evidence (e.g., population data, computational and predictive data, functional data, phenotype/family history data).
However, the ACMG/AMP guidelines do not take into consideration gene-specific factors, such as disease-specific incidence and prevalence rates. There are a number of other evidence types which require specification for the gene in question. With this in mind, the National Institute of Health (NIH) funded the Clinical Genome Resource (ClinGen), dedicated to building an authoritative central resource that defines the clinical relevance of genes and variants for use in precision medicine and research (Karam, Pesaran, & Chao, 2015; Nussbaum, Rehm, & ClinGen, 2015; Rehm et al., 2015) . Several key goals support ClinGen's overall mission, including optimization of genespecific clinical annotation, interpretation of germline variants, and sharing of genomic data through a centralized database for clinical and research use. The ClinGen Hereditary Cancer Clinical Domain Working Group selected CDH1 as a high priority gene and convened a CDH1 variant curation expert panel (VCEP).
The CDH1 VCEP was assembled from CDH1 and variant curation experts with the primary goal of making specifications to the 2015 ACMG/AMP variant interpretation guidelines that are specific to CDH1, and then using these specifications to support expert panel variant classification and submission of the curated variants to ClinVar.
The CDH1 VCEP rule specifications to the ACMG/AMP guidelines were developed after a systematic evaluation of a pilot series of test variants obtained from a cohort of clinical laboratory data encompassing aggregated ∼827,000 CDH1 sequenced alleles. The CDH1 VCEP recommendations for pathogenic and benign criteria include stand-alone and strong benign CDH1-specific allele frequency cutoffs, specifications for CDH1 alleles predicted to result in loss-of-function (LoF), recommendations for the use of computational and functional evidence, and documentation of acceptable HDGC diagnostic criteria. These rules were validated by comparing variant assertions made by biocurators, who were trained in variant curation, but were not CDH1 gene experts, to variant assertions made by expert members participating in the CDH1 VCEP.
METHODS
In 2015, the CDH1 VCEP was convened and consisted of experts selected due to their expertise as clinicians, scientists, and clinical laboratory diagnosticians with regards to HDGC and/or variant classification. As several members of our VCEP are employed by clinical genetic testing laboratories that offer hereditary cancer test panels, we obtained and noted potential conflicts of interest for all VCEP members as required by ClinGen. The CDH1 VCEP elected to divide rules into four types of evidence: (i) population data, (ii) computational/predictive data, (iii) functional data, and (iv) clinical evidence.
Criteria in each evidence category have differing strength levels, with defined ACMG/AMP pathogenic criteria, including very strong (PVS), strong (PS), moderate (PM), and supporting (PP) levels, and standalone (BA), strong (BS), and supporting (BP) evidence levels for benign criteria. Work tasks were assigned and information on each evidence type was presented on monthly call meetings to ensure that all members had the comprehensive background knowledge necessary for rule review and for informed decisions regarding the utility and potential to modify the strength of individual criteria.
Members of the VCEP agreed to nominate CDH1 test variants and provide and share deidentified data relevant to their assessment. VCEP members were asked to nominate variants with sufficient amounts of underlying data to allow testing of a variety of the CDH1 gene specifications. A series of 50 previously characterized CDH1 variants were selected for rule pilot testing, with the goal of having approximately two-thirds expected to be known/suspected pathogenic or known/suspected benign, and the remaining being uncertain clinical significance or variants with conflicting assertions of interest in ClinVar (Supp. Table S1 ).
The pilot rule testing was performed by a group of six biocurators trained to perform variant assessment using both the standard 2015 ACMG/AMP guidelines and the CDH1 VCEP specifications. For a given variant, the curators selected the criteria based on the evidence provided by VCEP members and data retrieved from the literature and population databases, and then combined them to choose a classification from the five-tier system as previously described (Richards et al., 2015) . Classifications were made without modifying the rules for combining evidence codes (Richards et al., 2015) . The curations were then reviewed by the VCEP to achieve group consensus regarding the variant classification and any subsequent further optimization of the CDH1 specifications. VUS or variants with conflicting interpretations by multiple submitters in ClinVar were reassessed by the VCEP using the CDH1 specifications of the ACMG/AMP rules to eliminate conflicting classifications whenever possible. The rules specifications were then presented to the ClinGen Sequence Variant Interpretation (SVI) working group, which provided preliminary review and feedback on the criteria. In April 2018, the CDH1 VCEP held a group meeting at the ACMG annual meeting to evaluate and implement, when applicable, the SVI recommendations to the CDH1 rules specifications and reach the final specifications. Variants are annotated using GenBank CDH1 reference sequence NM_004360.3 and NP_004351 (GRCh37/hg19).
RESULTS

CDH1 variant curation specification
The CDH1 VCEP specifications to the ACMG/AMP variant curation criteria are summarized in Table 1 . There were four criteria that the CDH1 VCEP members felt needed no specifications, which were PS1 (same amino acid change as a previously established pathogenic variant), PM4 (protein length changes as a result of in-frame nucleotide deletions/insertions or stop-loss variants), BS4 (lack of segregation in affected members of a family), and BP5 (variant found in a case with an alternate molecular basis for disease). These codes should be applied as outlined in the original description of the ACMG/AMP variant curation guidelines. To the remaining criteria, CDH1-specific specifications and/or modifications to the strength of evidence were made based on data evaluated by the VCEP, as discussed below.
Population data
The frequency of a variant in the general population is useful evidence to assess its potential pathogenicity. This can be accomplished by searching publicly available population databases. The CDH1 VCEP has decided to use the Genome Aggregation Database (gnomAD) as its reference population database for allele frequency (gnomAD:
https://gnomad.broadinstitute.org/). The database aggregates and harmonizes exome and genome sequencing data from a variety of large-scale sequencing projects. To date, the data set provided on this Website spans 123,136 exomes and 15,496 genomes from unrelated individuals sequenced as part of various disease-specific and population genetic studies. In its first release, which contained exclusively exome data, it was known as the Exome Aggregation Consortium (ExAC) (Lek et al., 2016) .
BA1: Allele frequency is greater than expected for disorder
BA1 is a stand-alone criterion. HDGC is a rare disorder with an estimated prevalence of <0.1 per 100,000 (Oliveira, Seruca, & Carneiro, 2009; Oliveira, Seruca, Hoogerbrugge, Ligtenberg, & Carneiro, 2013) .
The original ACMG/AMP criteria that recommended applying the criterion for alleles identified above 5% frequency appeared to be much higher than necessary. To obtain a CDH1 specific population allele frequency threshold (AFT) we utilized the Whiffen/Ware calculator (Whiffin et al., 2017) (https://cardiodb.org/allelefrequencyapp/). The AFT cutoff for BA1 was obtained using a conservative unascertained penetrance estimate of 30% (Lowstuter et al., 2017) and the prevalence of LBC (∼one in 800 individuals), which is the more commonly occurring cancer that can be attributed to pathogenic variants in CDH1 (Li, Anderson, Daling, & Moe, 2003) . Using the estimate of 30% for penetrance and the prevalence of LBC in the general population, the inferred AFT obtained for BA1 was 2.08333E−03. Therefore, we recommend application of BA1 to an allele of one of the seven major population groups in ExAC/gnomAD (European, Latin, South Asian, East Asian, African, European Finnish, and Ashkenazi) with an allele frequency equal to or higher than 0.002 (0.2%, 99.99% CI). However, since benign alleles may be more frequent in specific populations but rare overall, for this criterion to be applied there must be a minimum of five alleles in the sub-population to eliminate potential erroneous variant calls.
BS1: Allele frequency is greater than expected for disorder
Using the same approach described above, the CDH1 VCEP recommends the use of BS1 for a variant with an allele frequency equal to or higher than 0.001 (0.1%, 99.99% CI) in any of the seven major population groups in ExAC/gnomAD (European, Latin, South Asian, East Asian, African, European Finnish, and Ashkenazi). Similar to above, a sub-population must include five or more alleles to allow using this criterion. The Whiffen/Ware AFT cutoff for BS1 was obtained using the conservative penetrance estimate of 30% and the Japanese gastric cancer prevalence (∼one in 1,250 individuals), which is one of the highest in the world (Guggenheim & Shah, 2013; Inoue & Tsugane, 2005 
PM2: Absent from population databases
The original PM2 criterion was developed by ACMG/AMP prior to the availability of ever larger databases of exome and genome sequence data. In addition, these databases are not designed to exclude every individual with disease (e.g., the ExAC online server includes individuals from the TCGA cancer project (Lek et al., 2016) ) or every individual that is a young adult and might develop disease later in life. Thus, pathogenic alleles can be found in these databases, and in order to use the PM2 criterion for CDH1, the VCEP specifies that the variant must be present in fewer than one in 100,000 alleles in the gnomAD cohort.
If the variant is present in two or more alleles in the gnomAD cohort, it must be present in <1 in 50,000 alleles within a sub-population.
The variant cannot be observed in the homozygous state in popula- 
Computational and predictive data 3.3.1 PVS1: Predicted null variant in a gene where LoF is a known mechanism of disease
LoF is the mechanism of disease in CDH1 (Oliveira, Pinheiro, Figueiredo, Seruca, & Carneiro, 2015) . CDH1 LoF variants are pathogenic, in part, because the majority of these germline alterations result in premature stop codons , most of which are predicted to elicit nonsense-mediated decay (NMD), an mRNA quality control pathway that destabilizes abnormal transcripts containing premature stop codons (Holbrook, Neu-Yilik, Hentze, & Kulozik, 2004) . Indeed, CDH1 variants that result in transcripts with premature stop codons have been shown to be targeted by the NMD pathway and to result in haploinsufficiency in gastric tissue (Karam et al., 2008) . Therefore, the pathogenic very strong criterion, PVS1, should be applied following SVI recommendations (Abou Tayoun, Harrison, submitted to this issue) to variants that are predicted to result in LoF and elicit NMD, including nonsense, frameshift, initiation codon, out-of-frame single or multi exon deletions, out-of-frame tandem single or multi exon duplications, and whole gene deletions. However there are scenarios specific to CDH1 that required additional rule specifications, as described below. (Sasaki, Lin, Morin, & Longo, 2000) .
The CDH1 VCEP recommends adjusting the strength of the PVS1 evidence code for variants resulting in a premature stop codon downstream of the NMD boundary at amino acid 795 (see Table 1 ). In these cases, we recommend adjusting the strength of the evidence from "very strong" to "strong" (PVS1_strong), if the predicted truncation is located downstream of the NMD boundary, but upstream of the most 3 ′ well-characterized pathogenic variant, CDH1 c.2506G>T (p.Glu836Ter) (Krempely & Karam, 2018) . This variant is predicted to result in truncation of E-cadherin's C-terminal region and to disrupt the cytoplasmic domain. E-cadherin's cytoplasmic domain includes the catenin-binding domain, which stabilizes cell adhesion (Gul, Hulpiau, Saeys, & van Roy, 2017) For splicing variants, we recommend using the PVS1_strong rule code for all canonical ±1/2 splice site variants. This recommendation is based on the fact that there are CDH1 canonical splicing variants of uncertain deleteriousness . By applying PVS1_strong to canonical splice sites, additional evidence, such as RNA data (PS3) and clinical history (PS4), are necessary to reach a pathogenic classification. As a result, the classification of splicing variants will not rely too heavily on the LoF attribute, encouraging the use of important complimentary data, such as RNA analysis, to confirm LoF.
For canonical ±1/2 splice site variants located in exons with in-frame cryptic acceptor and donor splice sites demonstrated to result in small in-frame amino acid deletions/insertions (less than 10% of the protein) use PVS1 as moderate evidence (PVS1_moderate). For example, the PVS1 evidence level should be downgraded to moderate for any canonical splicing alteration located at exon's 3 native donor splice site, since the variant CDH1 c.387+1G>A has been demonstrated experimentally to result in activation of cryptic in-frame donor splice sites . Finally, there are well-characterized pathogenic variants located in the last nucleotide of many CDH1 exons that are known to disrupt splicing (Frebourg et al., 2006; Guilford et al., 1998; Karam et al., 2008) . With this in mind, the EP is recommending to (Kaurah et al., 2007; Pinheiro, Oliveira, Seruca, & Carneiro, 2014; . These three variants were predicted by the four in silico tools above to result in the creation of novel donor sites, which was confirmed by the RNA data described in the literature. We also performed analysis of the CDH1 VCEP membership laboratories' cohort phenotypes associated with each of the variants. A summary of the clinical and population data for these variants is shown in Figure 1a , b, and in Supp. Table S1 . To avoid double counting of evidence, this PP3 rule cannot be used for canonical splice site variants and should only be applied to splicing variants at locations other than the ±1/2 positions. Note, this code also does not apply to the last nucleotide of exon 3 (c.387G) . Table S1 ).
The VCEP decided to not use PP3 for CDH1 missense variants, after substantial testing of a variety of protein-based in silico algorithms (REVEL, VEST3, MetaSVM, CADD, SIFT, Polyphen2, and Provean).
We found that computational predictions for deleteriousness were inconclusive with regards to accurately predicting the pathogenicity of the variant as determined by other lines of evidence, such as clinical data and population frequency (Figure 1a and b) . Therefore the CDH1 VCEP recommends to not use this evidence code for missense changes.
BP4: Multiple lines of computational evidence suggest no impact on splicing
We recommend that this code only be used for synonymous or intronic splicing variants when at least three in silico tools (HSF, MaxEntScan, BDGP, and ESEfinder) agree that the variant is not predicted to affect splicing (defined as the scores from each program, on average, change less than 10% from the reference sequence). For missense variants, clinical validity of protein based computational predictions as a benign line of evidence was inconclusive (see above PP3), and therefore the panel recommends to not use this evidence code for missense changes.
BP7: A synonymous (silent) variant and the nucleotide is not highly conserved
This evidence code can be applied to a synonymous variant when the nucleotide is not highly conserved. The CDH1 VCEP recommends to use BP7 if the variant is the reference nucleotide in 1 primate and/or >3 mammal species. However, like many genes, CDH1 pre-mRNA can undergo complex splicing, with several mechanisms that could impact the deleteriousness of a variant (e.g., in-frame skipping, usage of cryptic in-frame splice sites, etc.). We recommend using PS3_supporting for variants demonstrated to result in in-frame transcripts. In the future it will be important to perform a systematic analysis of splicing alterations in CDH1 in order to address many unanswered questions, such as type of tissue that should be evaluated, type of assays that would be ideally performed, and abnormal splicing thresholds. With this in mind, the VCEP will continue to evaluate this specific subject with the intention of making further specifications for the use of PS3.
Functional data
The CDH1 VCEP also evaluated the use of PS3 for missense protein functional evidence. E-cadherin is a transmembrane glycoprotein expressed on epithelial tissue and is responsible for calcium-dependent cell-to-cell adhesion and establishing and maintaining polarized and differentiated epithelia through intercellular adhesion complexes (Berx et al., 1995; Takeichi, 1991) . E-cadherin deregulation is correlated with the infiltrative and metastatic ability of tumors, with the consequent loss of cell adhesion and concomitant increase in cell motility and invasion (Bruner, et al., 2018) . Missense variants in E-cadherin have been described across the protein, and account for ∼20% of all variants reported in the literature so far (Corso, Marrelli, & Roviello, 2013; Pinheiro et al., 2014; (d) E-cadherin schematic representation demonstrating its major domains in relation to the 50 pilot variants curated by the VCEP. E-cadherin is a highly conserved transmembrane protein that possess a signal peptide, a precursor protein, the extracellular domain, which is the "adhesive" ectodomain composed of tandem cadherin repeats, the transmembrane (TM) domain, and the cytoplasmic domain, which interacts with the armadillo catenins, p120 and -catenin (Gul et al., 2017) . Clinically actionable variants (P, LP) are shown at the top; VUS, LB, and B variants are shown at the bottom predicted to impact splicing). All 14 of these variants are reported as having computational and two or more in vitro and/or in vivo functional lines of evidence to support a pathogenic classification (Figueiredo et al., 2013; Fitzgerald & Caldas, 2004; Pinheiro et al., 2014; SimoesCorreia et al., 2012; Simoes-Correia et al., 2008; Suriano, Mulholland et al., 2003; Suriano, Oliveira, Huntsman et al., 2003; Suriano, Seixas, Rocha, & Seruca, 2006) . To estimate clinical validity of these protein functional assays, we then compared the available functional evidence for these variants with the de-identified clinical data obtained from members of the CDH1 VCEP, encompassing an aggregated cohort of clinical laboratory data of ∼827,000 CDH1 alleles and ExAC's ∼120,000 alleles (Figure 1a and b). In this large dataset, only one individual with a missense alteration (p.Thr340Ala) met the 2015 diagnostic testing criteria for HDGC (Figure 1b 
BS3: Well-established in vitro or in vivo functional studies show no damaging effect on protein function or splicing
Similar to above, this evidence code should only be used for splicing. It applies to intronic and synonymous variants that are demonstrated to not result in abnormal transcripts. In gastric tissue, an abnormal outof-frame transcript may not be detectable due to NMD, and therefore allele-specific expression is recommended in these samples (Karam et al., 2008) . Finally, the CDH1 VCEP did not further evaluate the use of BS3 as a benign line of evidence for missense alterations at this time.
Clinical data
Two decades ago, linkage analysis identified germline CDH1 LoF variants as the genetic cause of HDGC (Guilford et al., 1998) . A year later, the association of LBC and germline CDH1 variants was first reported (Keller et al., 1999) . Since these original findings, HDGC has been established as a cancer predisposing syndrome with increasingly reliable estimates of cancer risk for carriers of LoF P/LP variants (Lowstuter et al., 2017; Oliveira et al., 2015; . with LBC) demonstrated that the cumulative incidence of DGC by 80 years was 70% (95% CI, 59%-80%) for male participants and 56% (95% CI, 44%-69%) for female participants. Additionally, the risk of LBC for female participants was 42% (95% CI, 23%-68%) by 80 years (Hansford et al., 2015) . Based on the CDH1 highly specific phenotype, the VCEP recommendation is to use the updated 2015 criteria (see below) to evaluate whether patients meet HDGC clinical criteria in a semi-quantitative fashion-the more patients/families that meet criteria, the stronger the evidence for ACMG/AMP codes that rely on phenotype (Table 1) .
PS4: Prevalence of the variant in affected individuals is significantly increased compared with the prevalence in controls
The 2015 ACMG/AMP guidelines allow the observation of a variant in multiple unrelated individuals with the same phenotype, and its absence in controls, to be used as evidence of pathogenicity when case-control studies are unavailable (Richards et al., 2015) . Most P/LP CDH1 variants are rare, and since there are limited case-control data available for most variants, the VCEP recommends counting individual cases meeting diagnostic criteria for PS4. Following SVI recommendations and to create consistency across Expert Panels, the PS4 rule code is being used in conjunction with the factors associated with PP4 (patient's phenotype or family history is highly specific for a disease with a single genetic etiology). Since phenotype and family history are now integrated with the PS4 rule code, we eliminated the use of the PP4 to avoid double counting of evidence and applied the stronger rule code to take into account all appropriate probands. This code has a sliding weight scale to account for the number of individuals who meet criteria.
In order to apply evidence code PS4, all probands being counted, including both published and unpublished cases harboring the variant, should have a personal and/or family history (first-and second-degree relatives) meeting one of the recommended CDH1 testing criteria below (van der Post et al., 2015):
• Two gastric cancer cases in a family, regardless of age, at least one confirmed DGC;
• One case of DGC diagnosed <40 years;
• Personal or family history of DGC and LBC; one diagnosed <50 years;
• Bilateral LBC or family history of two or more cases of LBC <50 years;
• A personal or family history of cleft lip/palate in a patient with DGC;
• In situ signet ring cell (SRC) and/or pagetoid spread of SRC detected in pathology specimens.
Following SVI recommendations, the strength of the evidence code increases exponentially based on the number of families meeting HDGC criteria. For instance, having one family meeting criteria would correlate to PS4_supporting, which is the same weight as using the original PP4 code. Having two to three families correlates to PS4_moderate, 4-15 correlates to PS4, and 16 or more families would allow for use of PS4_very strong.
However, more recently the penetrance of phenotypes associated with pathogenic variants in CDH1 in unascertained individuals was estimated to be 30% (Lowstuter et al., 2017) . Due to the estimated 30% penetrance, we can expect that approximately 70% of the families identified with a specific pathogenic variant will not meet the strict testing criteria described above. Since pathogenic variants are expected to be identified in unaffected individuals, pathogenicity is not excluded if detected in families not meeting criteria. Therefore, if the variant is observed in three separate families, at least one of those families must meet criteria for HDGC in order to apply this rule as supporting (PS4_supporting). As follows, one would use this rule code as moderate evidence if this variant was identified in six separate families and at least two met criteria for HDGC, and so forth. As we better understand the penetrance of CDH1 pathogenic variants, the panel will continue to evaluate this approach, and will consider developing a partial weighting scheme for cases that do not meet full criteria.
PS2:
De novo (both maternity and paternity confirmed) in a patient with the disease and no family history CDH1 de novo variants are rare, with only a few reports in the literature (Krempely & Karam, 2018; Shah et al., 2012; Sugimoto et al., 2014) .
To apply this evidence code, the proband with the variant must have DGC or LBC. Both parents must have tested negative for the variant, and paternity and maternity must be confirmed. Following the ClinGen SVI's de novo point system for highly specific phenotype, the strength of the rule increases based on the number of confirmed de novo cases (Supp . Table S2 ). For example, if the variant is observed once and confirmed as a de novo occurrence in a patient with DGC, apply strong pathogenic evidence; if seen and confirmed twice in patients with DGC, use very strong evidence (PS2_very strong) for pathogenicity. Refer to Supp. Table S2 to determine the strength of this evidence code when assessing de novo CDH1 variants. 
BS2: Observed in a healthy adult individual with full penetrance expected at an early age
The corresponding evidence code for individuals with a variant but without disease was also considered. Although originally written for diseases with full penetrance at an early age, we further specified the code to account for the reduced penetrance and later onset of CDH1.
The strength depends on the number of adult individuals (older than 18 years old) in a clinical cohort reported as either unaffected or having non-CDH1 tumors (e.g., breast invasive ductal carcinoma) where the pathology is specified. In order to apply strong evidence, the variant must be seen in at least 10 adult individuals with a documented diagnosis that does not include a known personal or family history of DGC, LBC, or tumors with SRC histology. Individuals should not be included in this count if the pathology of their cancer is unknown or unspecified. The fact that this condition is not fully penetrant was taken into consideration when specifying this evidence code. We used the allele frequency of known pathogenic variants to establish this threshold. (Table 1) . Since biallelic pathogenic variants in CDH1 are purported to be embryonically lethal (Riethmacher et al., 1995) , BP2_strong applies if observed in trans with a known pathogenic alteration and phase is confirmed. BP2_strong also applies if observed in a homozygous state in an individual with no personal and/or family history of CDH1 cancers.
BP2_supporting is appropriate if observed in cis, or phase unknown, with a known pathogenic alteration that has been reported separately in an individual with a personal and/or family history of CDH1 cancers.
ACMG evidence codes not used for CDH1 variant classification
Eight of the twenty-eight published 2015 ACMG/AMP criteria were not relevant to CDH1 and were therefore not used for variant classification. The reasons for each evidence code are briefly described here. As a gene associated with an autosomal dominant condition, PM3
(detected in trans with a pathogenic variant in a recessive gene) does not apply. With virtually no missense variants classified as P or LP, we could not validate PM5 (missense change at the same codon as another pathogenic missense variant) or PP2 (missense variant in a gene with low rate of benign missense variation), and therefore are recommending to not apply PM5 and PP2 to CDH1 missense variants.
With regards to PM1 (located in mutational hot spot or domain without benign variation), the EP has decided to not use this code because there are benign variants in every domain of the protein (https:// gnomad.broadinstitute.org/gene/ENSG00000039068). Following recommendations from the ClinGen SVI committee, the VCEP decided to not use PP4 (patient's phenotype or family history is highly specific for a disease with a single genetic etiology). As previously mentioned, instead of PP4, the PS4 rule code (significantly increased presence in cases versus controls) should be used, since it allows one to account for multiple individuals with the same variant and phenotype.
The VCEP also decided not to use BP1 (missense variant in gene where primarily LoF causes disease) based on the possibility that there are missense P/LP variants that have not yet been identified. Similarly, CDH1 does not contain a repetitive region without known function used to apply BP3. In the case of PP5 (reputable source reports as pathogenic) and BP6 (reputable source reports as benign), these criteria were removed based on recommendation from the ClinGen SVI working group (Biesecker & Harrison, 2018) .
Pilot evidence code testing
For pilot testing, 22 suspected pathogenic variants, seven suspected benign variants, and 12 VUS were recommended for inclusion by CDH1 VCEP members. Most variants were previously classified by a participating clinical laboratory, but a few variants were recommended from a participating research group with their variant interpretation. We also selected nine variants from ClinVar, with a bias toward VUS (eight VUS/conflicted variants, one LB). This gave us a total of 50 variants for pilot testing. The VCEP biocurators applied the original ACMG/AMP guidelines and the CDH1 specified criteria to each variant. Our pilot testing allowed for an iterative process by which experts could comment on the weight of certain lines of evidence and biocurators could provide feedback on the usability of the evidence codes. A list of all pilot variants, the ClinVar and the VCEP submitters' variant classifications, the classifications made by our biocurators using the original ACMG/AMP guidelines, and the CDH1 VCEP variant assessment utilizing the CDH1 rule specifications with evidence codes are listed in Supp. Table S1 .
Twenty of 22 variants previously listed as P/LP in ClinVar and/or by the VCEP submitters remained at that assertion after applying the CDH1 specifications. Of note, two of these 20 variants (c.1679C>G and c.2195G>A), which were demonstrated to result in abnormal out-of-frame splicing (Kaurah et al., 2007; , had conflicting variant assertions in ClinVar, as they were each listed as VUS by one ClinVar submitter. Following the CDH1 specifications, the VCEP classified these variants as P and LP respectively based on the CDH1-specified codes that were applied. Two of 22 variants submitted by a VCEP member as P/LP were downgraded to VUS after applying the CDH1 specifications. These variants were p.Lys179Glu and p.Leu721Val, and they were classified by the VCEP as VUS due to lack of sufficient benign or pathogenic evidence. Six of the seven variants that were submitted by VCEP members as B/LB remained in the B/LB classification after applying the CDH1 specifications; the remaining variant submitted as LB was classified as VUS by the VCEP due to lack of appropriate evidence codes (p.Arg224Cys). Twelve variants were previously interpreted as VUS by our VCEP members; four of these 12 were classified as benign, and the remaining eight remained as VUS. In addition, out of the nine variants selected from ClinVar (eight VUS/conflicted variants, one LB), six were classified as benign, while three remained as VUS. Overall, applying the CDH1 specifications to the VUS submitted by VCEP members and to the VUS we selected from ClinVar (20 total) resulted in a reduction in VUS classifications from 40% to 28% (Figure 1c ). In addition, 17 variants with assertions in ClinVar were VUS with conflicting classifications. After applying the CDH1 specifications, 14 were reclassified to P/LP or B, while only three remained as VUS. Adjusting the CDH1-specific allele frequency cutoffs (BA1 and BS1), along with sharing clinical laboratory data (Supp . Table   S3 ), made the most impact on moving variants from VUS/conflicting to benign.
When the VCEP biocurators compared classifications between using the ACMG/AMP guidelines and the CDH1 specifications, we found similar results. Out of 20 variants that were classified as VUS with the ACMG/AMP guidelines, nine were classified as benign using the CDH1 specifications, one was classified as pathogenic after applying CDH1 specifications (c.2398delC), and the remaining 10 stayed as VUS. Overall, applying the CDH1 specifications to 20 VUS classified by both the VCEP submitter and confirmed with VCEP biocurator application of the ACMG/AMP guidelines resulted in a reduction in VUS classifications from 40% to 28% (Figure 1c) . Also, three variants were classified as likely pathogenic using ACMG/AMP guidelines (mostly due to the use of PS3 for missense functional assays and PP3 for missense in silico predictions), that ended up being classified as VUS using the CDH1 specifications (p.Phe205Ser, p.Asp254His, p.Pro373Leu).
However, in each of those instances, the VCEP submitter and/or the ClinVar submitter(s) classified the variants as VUS (Supp . Table S1 ). A summary of the classifications of the pilot variants obtained utilizing the CDH1 rule specifications is provided in Figure 1d .
DISCUSSION
Sequencing technology has evolved rapidly with the advent of NGS, resulting in an ever increasing number of new variants identified in individuals from multiple ethnic backgrounds. Diagnostic laboratories are collectively accumulating evidence at an astounding rate and through collaborative efforts, such as sharing data in ClinVar, interlaboratory discrepancy resolution efforts (Garber et al., 2016; ; Abou Tayoun, Harrison, submitted to this issue), and ClinGen expert panels (Kelly et al., 2018; Gelb et al., 2018) , are substantially increasing our knowledge of the tolerance for variability for each gene. Since its implementation, the CDH1 VCEP has been evaluating a series of specifications to the 2015 ACMG/AMP variant interpretation guidelines. This expert panel plans to continue curating CDH1 variants for deposition into the ClinVar database for public use, while maintaining a critical eye toward the rule specifications. Variant assessment is an ever-evolving field, and as improved computational modeling, functional assays, diagnostic tools, and/or population databases are developed, the CDH1 VCEP will continue to reassess variant classification and the rules specifications in order to reflect the most current lines of evidence available.
Assessment was performed using both the 2015 ACMG/AMP guidelines and the CDH1 VCEP specifications (Figure 1c and Supp. Table S1 ). Variants were classified into the five-tier system described by Richards et al. (2015) . Even though most variants tested were rare, access to large diagnostic laboratory cohorts allowed us to collect enough families to reclassify several variants using the CDH1 specifications. For example, as in the case of the BS2 evidence code, internal laboratory data was often helpful to reclassify variants to LB or B. There were three variants for which we were able to utilize a summation of clinical evidence contributed by multiple clinical laboratories to classify as LB/B (Supp . Table S3 ). Thus, without sharing data, many of these variants would have remained as VUS. Being able to reclassify a variant from VUS has a significant impact on patient care, as it mitigates the ambiguity faced by patients and providers regarding cancer risks and the best course of clinical action.
Current recommendations for carriers of P/LP variants in CDH1
include risk-reducing gastrectomy between ages 20 and 30 or annual upper endoscopy with multiple biopsies, following the dedicated Cambridge protocol for people who do not undergo gastrectomy . For women, there are additional recommendations for breast MRI starting at the age of 30 and consideration of risk-reducing mastectomy (Corso et al., 2018; . Indeed, the complexities of assessing CDH1 are reflected by the assessment of the ClinGen Actionability Work Group, a team that aims to take into account several facets of broader actionability for a variety of genes. In the case of CDH1, the assessment yielded a moderately actionable score for gastric cancer, which reflected the likely efficacy of risk-reducing gastrectomy but also its significant morbidity (https:// actionability.clinicalgenome.org/redmine/projects/actionability_relea se/genboree_ac/ui/stg2SummaryRpt?doc=AC103).
As genomic testing becomes increasingly part of the clinical management of cancer patients and their families, it is fundamental to better understand the clinical significance of genomic variance, especially in clinically actionable genes such as CDH1. The effort described here to specify the criteria for CDH1 variant classification and facilitate sharing of evidence across the ClinGen CDH1 VCEP should accelerate accurate CDH1 variant classification, improving our ability to identify the individuals and families that will benefit from cancer surveillance and risk-reducing surgery.
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